The blue emission anisotropy, r, of two lipophilic probes, diphenylhexatriene (DPH) and its trimethyl-ammonium derivative (TMA-DPH), has been measured in foliar Lupinus albus L. protoplasts for the first time by flow cytometry. Distinctive values have been obtained for protoplasts of epidermal and mesophyll origin, identified by their intensities of chlorophyll fluorescence. Fluorescence microscopy confirmed that TMA-DPH remained in the plasma membrane while DPH penetrated into intracellular lipid domains. Typical emission anisotropy values at 220C for mesophyll and epidermal protoplasts, respectively, were 0.225 and 0.312 with TMA-DPH, and 0.083 and 0.104 with DPH. This indicates that epidermal cells-and notably their plasma membranes (TMA-DPH)-have higher lipid microviscosity and/or more ordered lipid structure. Two lupin genotypes characterized as resistant or susceptible to drought were analyzed with or without 9 days of water stress shown to increase ion leakage from foliar discs. Water stress greatly increased the apparent fluidity, and more so in the susceptible genotype; the effect was more pronounced in the chlorophyll-containing mesophyll cells than in the epidermal cells.
The permeability of proteolipidic cell membranes arises from the interaction of their biochemical and biophysical properties (24) . The lipid domain of a membrane is more or less fluid and the lipids are ordered with more or less structure (1, 28) ; such properties appear to affect the hydration control of the membrane (24) , lateral heterogeneity and protein conformation (e.g. in microsomal membranes from bean cotyledons) ( 19) .
Leaf protoplasts have here been studied with two lipophilic fluorescent probes whose emission anisotropy, r, is related in a nonlinear manner to the dynamic property microviscosity (28) and to structural order of the lipid matrix. We use the term 'lipid fluidity' to englobe the two aspects (30) . In fact, lipid order dominates the anisotropy coefficient in steadystate measurements, r, through the limiting fluorescence anisotropy, r. (16) . Of the two probes used (below), this is less so for TMA-DPH' (25) .
Protoplasts have been used for polarization studies previously (3, 18, 31) , but the present work is unique in (a) using 'Abbreviations: TMA-DPH, 1-(4-trimethylammoniumphenyl)-6-phenyl-1 ,3,5hexatriene p-toluenesulfonate; DPH, 1 ,6-diphenyl-1,3,5hexatriene; CV, coefficient of variation; S, Siemens.
TMA-DPH for plasma membrane localization, (b) obtaining single cell values, notably to characterize Chl-containing and Chl-less cells, and (c) using the gating function of flow cytometry to eliminate debris, broken cells, or blue autofluorescent cells from the final calculations and to minimize any contribution of diffused light. Cytometric fluorescence polarisation studies are common with mammalian material (8, 11, 13, 26) , but there are only two elementary measures concerning plant cells (5, 6) .
Among the pleiotropic effects of drought upon plants, this report concentrates upon the notion of homeoviscosity in the cellular processes of regulation of membrane fluidity in response to external factors: this has been demonstrated in some cases e.g. upon variation of external pressure (28) . Typically, a drought-resistant plant maintains its membrane integrity for a longer period during a water stress (23) . Low temperatures provoke rigidification of cell membranes: cold resistant plants tend to maintain membranes relatively more fluid at cold temperatures (28) . Of four wheat cultivars tested, only cold-resistant varieties increased membrane fluidity during the 'hardening process' (31) . On the other hand, marked decreases in membrane fluidity appear to be associated with extreme processes such as cut flower senescence (3) or ripening (18) , linked to lipoxygenase activity leading to selective depletion of unsaturated fatty acids (10) and superoxide production (20) .
Several genotypes of white lupin (Lupinus albus L.) have been ranked for their resistance to water stress according to recovery from a period without watering (15) . There is a correlation between drought resistance and ion leakage in this collection: the efflux of solutes from leaf discs, assessed by conductivity, is 40% less in a resistant genotype (15) . A similar association has been found for cotton plants rendered more or less drought tolerant by the photoperiod regime (9) . During the onset of dehydration in lupin, the level of characteristic membrane lipids falls with respect to total leaf lipids, especially in drought susceptible genotypes (15) . The ratio of free sterols to phospholipids increases with water stress in Brassica napus (29) . Lipids of the plastidial compartment are also clearly modified by this stress (15 Fig. 2) , TMA-DPH was clearly localized in the plasmalemma ofintact protoplasts, as expected from the work of Kuhry et al. (17) and Schroeder et al. (27) , these latter reporting that TMA-DPH localized preferentially in the inner leaflet of synaptic plasma membranes, anchored at the lipid-water interface (25) . DPH, although difficult to observe by microscopy due to rapid quenching, appeared to penetrate into the cell, marking both the plasmalemma and intracellular membranes, in accordance with Bouchy et al. (4) By flow cytometry, a time study of fluorescence intensity and r upon addition of the probes to intact lupin protoplasts showed that TMA-DPH labeling reached a plateau before the first reliable data point (10 s) and r was stable thereafter. In "stabilized" protoplasts (below), DPH labeling intensity increased throughout 40 min and although mean r was stable, the CV of r increased after 20 min. Such kinetics are coherent with the microscopic observations above. The measured r was Figure 2 . Lupin leaf protoplasts labelled with 1 ,M TMA-DPH: (A) by differential interference contrast microscopy; (B and C) by epifluorescence. Note the red emission of Chl and the blue TMA-DPH labeling of the plasmalemma in both Chl+ and Chl-protoplasts (membranes were negative in controls). The heterogeneity of such suspensions is more evident in C, some protoplasts having intense blue autofluorescence (photographed as white) while cellular debris of broken protoplasts has labeled with TMA-DPH. Bar = 50 zm. independent of [DPH] between 0.5 and 10 JLM (Fig. 3) . Labeled cells are apparently damaged above 100 mW excitation, and the gain of emission intensity upon labeling, F, was optimal between 30 and 60 mW (data not shown). Analyses were routinely started 4 min after adding probes, using 5 ,Mm DPH and 1 gM TMA-DPH with 50 mW excitation.
Natural Cellular Fluorescence
Lupin protoplasts have two characteristic fluorescence emissions (Fig. 2) , a peak at 690 nm corresponding to Chl and a broad blue emission peaking between 435 and 460 nm under UV excitation (peak 365 nm) and probably corresponding to several constituents such as NADPH and, mainly, alkaloids.
The Chl emission serves in cytometry to distinguish mesophyll and epidermal protoplasts (5, 12) , the frequency ofthese latter in our preparations being about 0.28, concording with counts in transversal leaf photomicrographs.
The intensity of blue fluorescence, characterized using bulk fluorometry, was similar for the two genotypes but increased with water stress. But flow cytometry revealed the dispersion of individual cellular levels (Fig. 4) Time (min) Figure 6 . Effect of storage at 40C upon lupin protoplasts which were subsequently labeled with DPH and assessed for emission anisotropy.
of a similar cytometer have already been validated (11) . Similarly, no significant difference between bulk fluorometry measurements and those from flow cytometry was observed with HeLa cells (8) . We abandoned an initial objective of using liposomes as reference material for each experiment, as such reference preparations were not stable and their fluorescence intensities were highly dispersed. In our case, flow cytometry with protoplasts was simpler and more reproducible than with liposomes, but we chose not to make bulk fluorometric measurements with protoplasts due to the importance of sedimentation, broken cells and light scattering. Moreover, distinctive cell subpopulations cannot be detected.
Application to Lupin Genotypes Mesophyll versus Epidermal Protoplasts
Using the red fluorescence of chl in a multiparametric study, we could associate each anisotropy reading with the type of protoplast, namely of mesophyll or epidermal origin (Fig. 5) Protoplasts were stored in the dark at 4 or 22°C, labeled and r was measured at 22°C. Storage for 4h increased the apparent membrane fluidity (Fig. 6 ) (except in the case of the 8d stressed susceptible genotype where the decline was not significant, rDPH being already low at zero time). The decline was significantly stronger in protoplasts stored at 22°C. The formation of triglycerides in such protoplasts shown by [14C] acetate incorporation (data not presented) would favour such a decline in rDPH. Before studies, protoplasts were routinely stored at 4°C for 120 min after purification, and treatment comparisons were made at similar times thereafter. Apparently this storage only affected the plasma membrane of mesophyll protoplasts, as no significant change occurred in rTMADpH of epidermal protoplasts.
As the temperature during anisotropy measurement was increased, rDpH decreased (Fig. 7) . This increase in fluidity with temperature is normal (13, 21) (and with protoplasts) (18) . The rTMA-DPH in protoplasts did not change between 5 and 22°C, except for a slight rise for only the resistant genotype, and then increased strongly at 32°C (Fig. 7) . Given that the rate of rotational reorientation within lipids will certainly not decrease with temperature (ro should decrease), this result can only be interpreted as an increased structural order of the probes's domain within the plasma membrane at 32°C. We propose that this ordering of the probe's domain is due to protein redistribution at higher temperatures, which has been shown to contribute positively to fluorescence anisotropy (16, 30) . With each fluorescent probe, mesophyll and epidermal protoplasts showed similar responses. The temperature losses on the flow cytometer were excessive, and precluded experimentation to establish Arrhenius plots.
We tested the effect of several compounds expected to modify the plasma membrane (calcium 10 mm, spermine 10 mM, DMSO 2%, KC1 20 mM) or to have physiological action (ethanol 0.4% v/v, naphthyl acetic acid 10 PM). Following a 20 min preincubation, spermine and KCI increased rTMA-DPH; a small increase (as expected) with Ca2+ was not significant, and DMSO decreased rTMA-DPH (Table Ia) . Naphthyl acetic acid, DMSO, spermine, and ethanol each increased rDpH significantly (Table Ib) . 
Genotypic Differences
When results were pooled from five experiments, an analysis of variance showed that 80 to 90% of the variability was due to the experiment number, namely day-to-day, plant-toplant, or systematic cytometric differences. (The CV for the mean of 40 independent measurements on the same day was only 1.5% for rDPH and 2.2% for rTMA-DPH, but when grouping experiments from 4 d this rose to 7.4% and 4.3%, respectively.)
For global rTMA-DPH there was no significant (P = 0.05) genotypic difference in plasma membrane fluidity: average emission anisotropies were 0.197 and 0.198 for resistant and susceptible genotypes respectively. Only the Chl-less protoplasts differed significantly with respect to rTMA-DPH, and here the susceptible genotype had the lesser lipid fluidity. Mesophyll protoplasts did not show a significant difference for rTMA-DPH. However, genotypic differences were observed for global rDPH; the average rDPH values over five experiments were 0.092 and 0.090 for resistant and susceptible genotypes (Table III) .
Taking TMA-DPH as a plasma membrane probe, we therefore cannot affirm that there is any intrinsic difference between normally watered plants ofthese genotypes with respect to the fluidity of the plasma membrane.
For protoplasts of either genotype, rDPH decreased as temperature increased from 5 to 32°C (Fig. 7) . The slope of the regression, temperature versus rDPH, was -0.0016 for the resistant genotype and -0.0019 for the susceptible.
Effect of Water Stress
For both genotypes and both protoplast classes, a water stress applied for 8 d or more produced a significant increase in membrane fluidity (Fig. 8) . Exceptionally, the fluidity increase assessed with DPH was not significant for Chl-less protoplasts of the resistant genotype. The fall in anisotropy was always greater for mesophyll protoplasts, e.g. over (10) . If the observed increase in fluidity over 8 or 9 d cannot be attributed to any decrease in the lipid unsaturation index, it is probably due to weakening of the protein-lipid interactions in membranes, including the plasmalemma (TMA-DPH results). Physiologically, the genotypes differ greatly under stress (15) ; in the present biophysical analysis, the differences were only slight. Legge Senescence is commonly accompanied by rigidification of membranes, in contrast to the present effects of water-stress.
The anisotropy values observed in the basal state (watered plants or freshly isolated protoplasts) may result from an organisation imposed upon the lipid domain by membrane proteins and the increased fluidity may reflect a greater segregation of, respectively, lipid-and protein-rich domains, without gel phase formation. This idea has not been tested. (The reported treatment with 20 mM KCI presumably removed some extrinsic membrane proteins, but would not have affected the intrinsic proteolipidic structure.) Furthermore, one could quite simply use Nile Red, a metachromatic dye with yellow emission in neutral lipid domains and red emission in polar domains, to follow the formation of lipid droplets in protoplast classes. This is the first study of plant protoplasts with TMA-DPH, a probe more appropriate than DPH due to its specific localization. The use of protoplasts in such studies (e.g. refs. 18 and 31) causes constraints during the measure (e.g. light scattering, background fluorescence) which can largely be overcome with flow cytometry. A more general problem is the biophysical interpretation of data from such complex material (reflecting various membranes, lipid droplets, with or without proteins), having neither the simplicity of purified membranes nor the integrity of the initial leaf material. The partitioning of probes between various cellular lipids is not exactly known; time-resolved fluorescence is excluded. But in fact, the protoplast material was surprisingly convenient to handle, and we propose that such an approach will be useful in revealing cell responses in vitro.
Flow cytometric studies have been initiated with phytotoxins and polluants on protoplasts (2) . Given the current interest in transmembrane signal transduction, development of biophysical methods capable of following rapid changes in the lipid domains ofwhole cells is warranted. There is an increase in membrane fluidity in B lymphocytes in <1 s following induction with anti-immunoglobulin M; this is protein kinase C dependent and more rapid than the increase in cytoplasmic calcium (22) . Rigidification of soybean plasma membranes may be induced by an auxin (14) . Unfortunately the amplitude of any shift in 'lipid fluidity' following a physiological response will probably be low (cf. Table I ). In this context, plant cell flow cytometry (reviewed in ref. 5) offers the advantage that one may distinguish (and sort) different cell types, enabling a study of reactive subpopulations. A responding cell type may be followed despite the inertia of other cells which will dampen any global assessment.
